The main challenge in the production of metal matrix composites reinforced by carbon nanotubes (CNTs) is the development of a manufacturing process ensuring the dispersion of nanoparticles without damaging them, and the formation of a strong bond with the metallic matrix to achieve an effective load transfer, so that the maximum reinforcement effect of CNTs will be accomplished. This research focuses on the production by powder metallurgy of aluminum and nickel matrix composites reinforced by CNTs, using ultrasonication as the dispersion and mixture process. Microstructural characterization of nanocomposites was performed by optical microscopy (OM), scanning and transmission electron microscopy (SEM and TEM), electron backscattered diffraction (EBSD) and high-resolution transmission electron microscopy (HRTEM). Microstructural characterization revealed that the use of ultrasonication as the dispersion and mixture process in the production of Al/CNT and Ni/CNT nanocomposites promoted the dispersion and embedding of individual CNT in the metallic matrices. CNT clusters at grain boundary junctions were also observed. The strengthening effect of the CNTs is shown by the increase in hardness for all nanocomposites. The highest hardness values were observed for Al/CNT and Ni/CNT nanocomposites, with a 1.00 vol % CNTs.
Introduction
Metal matrix composites demonstrate a range of fascinating properties, especially high mechanical ones, including high strength and stiffness, a desirable coefficient of thermal expansion and good damping properties [1, 2] . Several investigations have been conducted into the development of metal matrix composites with different types of nanometric reinforcing materials. Ceramic nanoparticles, carbon nanotubes (CNTs) and graphene have been reported as the most promising reinforcements [3] [4] [5] .
Among these, the CNTs stand out for their extraordinary properties, making them highly attractive for use as reinforcements. CNTs have been used to reinforce several metallic matrices, such as aluminum [6, 7] , nickel [8, 9] , copper [10, 11] , titanium [12] and magnesium [13, 14] , due to their extraordinary mechanical properties and excellent electrical conductivity [15, 16] .
The successful development of a production process that promotes a uniform and dense dispersion of CNTs in the matrix, without damaging them, is essential for obtaining the expected strengthening of nanocomposites. An effective load transfer from the metallic matrices to the CNTs is the key for the successful production of these nanocomposites. Several techniques have been suggested as adequate for this: conventional sintering [12, 17] , hot pressing [18, 19] , hot extrusion [20, 21] , thermal spraying [22, 23] and electrodeposition [24, 25] , which appear to be the most promising. The possibility of producing these nanocomposites by powder metallurgy routes is quite interesting, since it allows the production of dense, near net shape components with complex geometries. However, the sintering temperatures for some of these matrices, such as nickel, copper and titanium, can induce high CNT damage and thus compromise the mechanical properties.
Several methods have been reported to obtain a uniform dispersion of CNTs through the matrix, with the mechanical ones, such as ball milling or sonication, being the most common [26] [27] [28] [29] [30] [31] . In the ball milling method, a large amount of energy is involved, since the dispersion is achieved by collisions of dense and rigid balls with the CNTs. Due to this high-energy milling, CNTs suffer damage, which causes a degradation of their properties. However, this method performed with lower energy and shorter times can be used with the aim of reducing the length of the nanotubes [26] . The ultrasonication method involves the dispersion of the CNTs in a liquid, using ultrasound energy. It is a very efficient method for obtaining untangled CNTs dispersed in liquids, such as ethanol, isopropanol, ethylene glycol or acids [27] . The efficiency of this dispersion technique depends on the liquid, ultrasound energy, time and type of CNTs; the time required for dispersion is a crucial factor, since a considerable length of time leads to CNT damage [29, 30] .
In previous studies [29] [30] [31] , ultrasonication was used to disperse and mix the metallic powders with CNTs, which is an effective dispersion/mixing process causing only a small amount of damage to the CNT structure. However, the studies on dispersion methods already published focus on a specific matrix, and it is difficult to generalize to matrices with a different composition or particle size. In this context, the main aim of this research is to extend the dispersion/mixture process already used on the Al/CNT nanocomposites to nickel matrix nanocomposites. Nickel is a high sintering temperature metal with mechanical strength higher than aluminum, which will allow testing the effect of the manufacture conditions on CNTs' damage. Also, nickel does not form carbides by reacting with CNT as it was observed in Al/CNT nanocomposites.
For the evaluation of the effects of this process on the production of the nanocomposites, it is essential to understand the relationship between the microstructure and the mechanical properties. Microstructural characterization was performed by optical microscopy (OM), scanning and transmission electron microscopies (SEM and TEM), electron backscattered diffraction (EBSD) and high-resolution transmission electron microscopy (HRTEM); mechanical properties evaluation was undertaken by Vickers microhardness tests.
Materials and Methods

Materials
CNTs used in this investigation (from Fibermax Nanocomposites) are multi-walled carbon nanotubes (MWCNTs). Figure 1 shows the morphology and structure of the as-received CNTs. The MWCNTs exhibit inner and outer diameters of 5 ± 1 and 19 ± 6 nm respectively. As-received CNTs were entangled and had a large aspect ratio (Figure 1a) . In order to achieve good dispersion in the production of the nanocomposites, the untangling of CNTs is essential before they are mixed with the metallic powders.
A more detailed observation of MWCNT morphology is presented in the HRTEM image of Figure 1b . The image shows an MWCNT with 20 walls. These walls show few defects; however, it is possible to observe the bamboo-type structure characteristic of MWCNTs produced by chemical vapor deposition.
The aluminum and nickel powders (from Goodfellow) have a maximum particle size of 65 µm and 60 µm respectively, and a purity of 99.5%. Figure 2 shows the SEM images of as-received aluminum and nickel powders and the distributions of the particle sizes. 
Production of Nanocomposites
To produce the nanocomposites, the MWCNTs were dispersed and mixed with metallic powders in isopropanol using an ultrasonicator for 15 min, as described in [29, 30] . The mixtures were dried and uniaxially pressed with 300 MPa for Al/CNTs and 900 MPa for Ni/CNTs. Compacts of 6 mm diameter and 2 mm thickness were produced with different content of CNTs (ranging from 0.50 to 2.00 vol %) and pressureless sintered under a vacuum better than 10 −2 Pa. The sintering was performed at 640 • C with a dwell time of 90 min for Al/CNTs and at 950 • C with a dwell time of 120 min for Ni/CNT nanocomposites.
Nanocomposites Characterization
Microstructural Characterization
Microstructural characterization of cross-sections perpendicular to the compaction direction of the nanocomposites was performed by optical microscopy (OM) (DM4000, Leica Microsystems, Wetzlar, Germany), scanning and transmission electron microscopies (SEM and TEM), selected area electron diffraction (SAED), electron backscattered diffraction (EBSD), high-resolution transmission electron microscopy (HRTEM) and fast Fourier transform (FFT) analysis. A high-resolution FEI QUANTA 400 FEG SEM (FEI Company, Hillsboro, OR, USA), a JEOL JEM 2010F (JEOL Ltd., Tokyo, Japan) and an FEI Tecnai G2 (FEI Company, Hillsboro, OR, USA) were used for this purpose. Electron transparent cross sections of nanocomposites were prepared by the lift-out technique at 5-30 keV, using the focused ion beam (FIB) (FEI FIB200, FEI Company, Hillsboro, OR, USA).
The distribution and size of CNT clusters through the matrices and the composite average grain size were evaluated using an OM and Leica Application Suite software (Leica Microsystems, Wetzlar, Germany). The dispersion of the CNT clusters was assessed by measuring the number and average diameter of the clusters in five fields of 489 × 653 µm 2 .
Mechanical Characterization
Mechanical characterization was performed by microhardness tests. The hardness was evaluated by Vickers microhardness using a 98 mN load (Duramin-1, Struers A/S, Ballerup, Denmark); ten tests were performed on cross-sections of each sample.
Al/CNT and Ni/CNT nanocomposites and aluminum and nickel samples produced under the same processing conditions were also tested.
Results and Discussion
Microstructural Characterization of Nanocomposites
Al/CNT and Ni/CNT nanocomposites were produced by powder metallurgy using ultrasonication as the dispersion/mixture process. Different CNT contents were used to evaluate the conditions leading to a higher strengthening by CNT reinforcement. Figure 3 shows the microstructures of the nanocomposites produced with 1.00 vol % of CNTs. From the OM images of Figure 3 , it is observed that the microstructures of the Al/CNT and Ni/CNT nanocomposites are very similar. In these OM images, it is possible to observe that equiaxied grains characterize the nanocomposites; at some grain boundary junctions, dark areas are observed that are larger than typical grain boundaries. By SEM analysis (Figure 4 ) it is clear that these zones correspond to CNT clusters.
TEM and HRTEM observations revealed the presence of individual CNTs well-dispersed and embedded in the metallic matrices ( Figure 5 ). In Figure 5a ,b some examples of CNTs (marked with black arrows) inside the grains of the matrix can be observed. HRTEM images of Figure 5c revealed a CNT well-bonded to the metallic matrix. In a previous work [29] , the formation of Al 4 C 3 by reaction of the CNTs with the aluminum matrix was observed by HRTEM in a nanocomposite produced by this method. The reaction of the CNTs with the aluminum matrix was also reported by other researchers [32, 33] . In contrast, there was no evidence of any type of reaction between nickel and CNTs.
this method. The reaction of the CNTs with the aluminum matrix was also reported by other researchers [32, 33] . In contrast, there was no evidence of any type of reaction between nickel and CNTs. The number and size of the CNT clusters depends on the content of reinforcement. For both matrices, it is observed that a better dispersion, of smaller cluster size, is obtained for the nanocomposites produced with 1.00 vol % of CNTs. The increase in the content of CNTs promotes the increase in the size of the clusters and a non-uniform dispersion, measured by OM (Table 1 ). this method. The reaction of the CNTs with the aluminum matrix was also reported by other researchers [32, 33] . In contrast, there was no evidence of any type of reaction between nickel and CNTs. The number and size of the CNT clusters depends on the content of reinforcement. For both matrices, it is observed that a better dispersion, of smaller cluster size, is obtained for the nanocomposites produced with 1.00 vol % of CNTs. The increase in the content of CNTs promotes the increase in the size of the clusters and a non-uniform dispersion, measured by OM (Table 1 ). The number and size of the CNT clusters depends on the content of reinforcement. For both matrices, it is observed that a better dispersion, of smaller cluster size, is obtained for the nanocomposites produced with 1.00 vol % of CNTs. The increase in the content of CNTs promotes the increase in the size of the clusters and a non-uniform dispersion, measured by OM (Table 1 ). These two parameters are essential in order to understand the effect of the dispersion process and of the content of CNTs in the production of the nanocomposites.
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These two parameters are essential in order to understand the effect of the dispersion process and of the content of CNTs in the production of the nanocomposites. The powder metallurgy process is characterized by the production of samples with some porosity. The aluminum and nickel samples exhibit a porosity of around 1% (Table 1 ). This porosity hinders the identification of clusters in nanocomposites. The SEM observations of the microstructures reveal that the pores are filled by CNTs, though it is not guaranteed that all pores will have been filled. In this context, the percentage of pores and CNT clusters was measured jointly. Table 1 shows the values as well as the maximum size of the CNT clusters. The effect of the CNT content on the percentage of pores, plus CNT clusters for the Al/CNT and Ni/CNT nanocomposites is evident. As expected, the increase in the content of CNTs leads to an increase in the number of pores plus CNT clusters. The best dispersion is obtained for the nanocomposites produced with 1.00 vol % of CNTs as for this composition the nanocomposites revealed the smaller size of the CNT clusters.
In order to evaluate the influence of the introduction of the CNTs on the microstructure of aluminum and nickel matrices, the grain size and crystallographic orientation were investigated by The powder metallurgy process is characterized by the production of samples with some porosity. The aluminum and nickel samples exhibit a porosity of around 1% (Table 1 ). This porosity hinders the identification of clusters in nanocomposites. The SEM observations of the microstructures reveal that the pores are filled by CNTs, though it is not guaranteed that all pores will have been filled. In this context, the percentage of pores and CNT clusters was measured jointly. Table 1 shows the values as well as the maximum size of the CNT clusters. The effect of the CNT content on the percentage of pores, plus CNT clusters for the Al/CNT and Ni/CNT nanocomposites is evident. As expected, the increase in the content of CNTs leads to an increase in the number of pores plus CNT clusters. The best dispersion is obtained for the nanocomposites produced with 1.00 vol % of CNTs as for this composition the nanocomposites revealed the smaller size of the CNT clusters.
In order to evaluate the influence of the introduction of the CNTs on the microstructure of aluminum and nickel matrices, the grain size and crystallographic orientation were investigated by EBSD. Figure 6 shows the grain size maps and distributions of samples produced with 0.00 vol % and 1.00 vol % of CNTs. EBSD. Figure 6 shows the grain size maps and distributions of samples produced with 0.00 vol % and 1.00 vol % of CNTs. All nanocomposites had an average grain size similar to the sample produced without CNTs (pure metallic matrix subject to the same production conditions). Table 1 presents the average grain sizes for the pure metal and nanocomposites. Contrary to what has been reported by other authors [34] , grain refinement is not clearly observed for Al/CNT and Ni/CNT nanocomposites.
The inverse pole figures of the two metallic matrices and nanocomposites can be seen in Figure   Figure 6 . Grain size maps and distributions of the (a) aluminum and (b) nickel matrices and (c) Al/CNTs and (d) Ni/CNTs nanocomposites.
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All nanocomposites had an average grain size similar to the sample produced without CNTs (pure metallic matrix subject to the same production conditions). Table 1 presents the average grain sizes for the pure metal and nanocomposites. Contrary to what has been reported by other authors [34] , grain refinement is not clearly observed for Al/CNT and Ni/CNT nanocomposites.
The inverse pole figures of the two metallic matrices and nanocomposites can be seen in Figure 7 . The analysis of this figure showed that the addition of CNTs affects the crystallographic orientation of the grains. However, the pure matrices and the Al/CNT and Ni/CNT nanocomposites do not have a strong preferred crystallographic orientation (texture); i.e., the incorporation of CNTs in the metallic matrices does not promote the formation of a strong texture. This aspect is very important, since a strong texture can significantly affect the mechanical properties. Table 1 
Composites
CNT Content (vol %) Microstructural characterization has shown that it is possible to produce nanocomposites of different matrices (aluminum and nickel) by powder metallurgy, using ultrasonication as a process for dispersing and mixing the powders and CNTs in a single step. The behavior of the two matrices is quite similar. In both cases, the content of CNTs seems to significantly affect their dispersion. Summing up, the results indicate that to obtain the best CNT dispersion, 1.00 vol % of CNTs must be used for both matrices. Higher contents of CNTs only promote the formation of larger clusters and a less uniform dispersion. The CNTs introduction does not promote significant microstructural changes, either in grain size or in the formation of textures.
Mechanical Characterization of Nanocomposites
The mechanical characterization of the nanocomposites was performed by Vickers hardness tests. Figure 8 shows the results of the hardness for the Al/CNT and Ni/CNT nanocomposites reinforced with different contents of CNTs; the bar chart shows the increase in the hardness of the nanocomposites relative to the samples without CNTs produced for comparison purposes. For both metal matrix composites, the highest hardness values were observed for 1.00 vol % of CNTs; these values correspond to an increase in 50% when compared to the hardness of pure metallic matrices.
The observed strengthening cannot be explained by a Hall-Petch or texture effect, since nanocomposites and metallic samples produced by the same method have similar grain sizes and weak textures. The CNTs embedded in the matrices form continuous and bonded interfaces with them (as can be observed in the HRTEM image presented in Figure 5c ), thus assuring the effective load transfer, reinforcing the nanocomposites. The formation of carbides can also contribute to the strengthening; as previously mentioned, this was only observed in Al/CNT nanocomposites [29] . However, not all CNTs contribute to the strengthening of nanocomposites; the CNTs of the clusters observed in the grain junctions are not bonded to the matrix and cannot assure the load transfer. The increase of CNT content above 1 vol % leads to the formation of larger clusters, increasing the heterogeneous distribution of CNTs and thus leading to a softening. 
Conclusions
Aluminum and nickel nanocomposites reinforced by CNTs were successfully produced via a classical powder metallurgy route using ultrasonication as the dispersion/mixture process.
Individual CNTs dispersed and embedded in the matrix were observed through HRTEM, which is an essential factor for reinforcement. This observation confirms that the use of the ultrasonication method to disperse and mix is effective in the production of CNTs reinforced nanocomposites. However, the CNTs are also observed in clusters, mainly at grain boundary junctions. The better dispersion results were observed for the nanocomposites produced with 1.00 vol % of CNTs leading to the highest hardness values. The 50% hardness increase demonstrated the The observed strengthening cannot be explained by a Hall-Petch or texture effect, since nanocomposites and metallic samples produced by the same method have similar grain sizes and weak textures. The CNTs embedded in the matrices form continuous and bonded interfaces with them (as can be observed in the HRTEM image presented in Figure 5c ), thus assuring the effective load transfer, reinforcing the nanocomposites. The formation of carbides can also contribute to the strengthening; as previously mentioned, this was only observed in Al/CNT nanocomposites [29] . However, not all CNTs contribute to the strengthening of nanocomposites; the CNTs of the clusters observed in the grain junctions are not bonded to the matrix and cannot assure the load transfer. The increase of CNT content above 1 vol % leads to the formation of larger clusters, increasing the heterogeneous distribution of CNTs and thus leading to a softening.
Individual CNTs dispersed and embedded in the matrix were observed through HRTEM, which is an essential factor for reinforcement. This observation confirms that the use of the ultrasonication method to disperse and mix is effective in the production of CNTs reinforced nanocomposites. However, the CNTs are also observed in clusters, mainly at grain boundary junctions. The better dispersion results were observed for the nanocomposites produced with 1.00 vol % of CNTs leading to the highest hardness values. The 50% hardness increase demonstrated the strengthening effect of the CNTs. Above this, CNT content larger clusters are formed, which decreases the strengthening effect.
